1. Background
=============

Cochlear implant surgery is a standard treatment for children with profound sensorineural hearing loss, which must be done under general anesthesia. Some of these patients have Jervell Lange-Nielsen syndrome (JLNS), meaning the child had sensorineural hearing loss and long QT syndrome (LQTS) (QT is the interval from the beginning of the QRS complex to the end of the T wave), possibly leading to life threatening arrhythmia during surgery ([@A88805REF1], [@A88805REF2]). Some JLNS cases have borderline QT interval duration; in addition, it seems that sensorineural deafness even without JLNS is associated with some degree of abnormal electrophysiology of QT interval.

Electrical depolarization and repolarization of the ventricles was shown through the QT interval ([@A88805REF3]). The QT interval varies with heart rate and by using Bazett's formula, its corrected form (QTc) is used to outline its abnormalities ([@A88805REF4]). This corrected form enables the comparison of QT prolongation effect of two drugs (i.e. propofol and sevoflurane) when they have different effects on heart rate of the patients ([@A88805REF5]). Prolongation of the QT could be associated with potentially dangerous ventricular arrhythmias, seizure-like episodes, and sudden cardiac death, which in the general population has been associated with increased risk of all-cause and cardiovascular death ([@A88805REF6]).

Although QT prolongation is used for diagnosing LQTS, it seems that the Tp-e index (the interval from peak of T wave to end of the T wave) is an indicator of transmural dispersion of repolarization (TDR) and can be a better predictor of ventricular arrhythmia (i.e.Torsades de pointes, TdP) ([@A88805REF3]). The QT prolongation could be caused by different congenital abnormalities, electrolyte disturbances, and different drugs ([@A88805REF7]). In patients with congenital repolarization disorders, drugs which have the ability to further increase QT interval should be avoided as they can initiate cardiac arrhythmias. Dropridol, which was once used for anesthesia maintenance and for controlling post operative nausea and vomiting was abandoned ([@A88805REF8]) due to its ability of prolonging the QT interval.

Almost all anesthetics have some effects on cardiac electrical activity ([@A88805REF9]). Propofol seems to have the least effect ([@A88805REF10]-[@A88805REF12]). Sevoflurane in different studies could prolong the QTc interval yet it had no effects on Tp-e ([@A88805REF13]-[@A88805REF21]). The effects of sevoflurane on cardiac electrophysiology in healthy children and adults as well as patients prone to repolarization abnormalities in comparison with normal subjects has been evaluated in different studies ([@A88805REF12], [@A88805REF13], [@A88805REF16], [@A88805REF22]).

2. Objectives
=============

In this study, the researchers studied and compared the effect of propofol and sevoflurane as the induction agents on QT (primary outcome), Tp-e interval, and JTc (JTc = QTc - QRS duration) (secondary outcome) in pediatric patients undergoing cochlear implantation. Using inhalational induction of anesthesia with sevoflurane is sometimes the only choice for pediatric anesthesia, so its safety should be evaluated in children with repolarization disorders with more scrutiny.

3. Methods
==========

In this double-blinded randomized clinical trial, 61 patients participated and all underwent cochlear implantation surgery, aged between one and 18 years old, and were American Society of Anesthesiology (ASA) class I or II with a preoperative QTc \< 500 ms. Exclusion criteria were: patients or family history of Jerrell Lange Nielsen syndrome, history of seizure, history of sudden death in the patient family, electrolyte imbalances, being treated with drugs known to prolong the QTc interval, or any evidence of cardiovascular diseases.

This study was registered in IRCT with number IRCT2017082131487N2) and received institutional Ethics\' approval from Iran University of Medical Sciences. Written informed consent was obtained from all parents.

The trial was powered to detect an effect size of d ≥ 0.70 as statistically significant in a two-tailed test with α = 0.05 and power of 0.80 with N = 28 per condition. As there was possibility that some patients would not complete the study, the research included 33 patients in each group. Using RANDLIST 1.2 software, random numbers were produced and according to sample size, patients were enrolled in the study. Patients and physicians, who assessed the results of the treatment were unaware of the group assignment.

All patients were premedicated orally with 0.3 mg/kg midazolam (up to 5 mg) 60 minutes before the first ECG recording. At the operating room reception, if the patient was not sedated properly, an intravenous line was inserted and intravenous midazolam was titrated to allow proper ECG recording. The ECG was recorded and QTc intervals were measured by an anesthesiologist; if patients had QTc \> 500 ms, they were excluded. Two patients were excluded in this phase. Patients were transported to the operating room and were monitored with standard monitoring (three lead ECG, non-invasive blood pressure and pulseoximetry) and intravenous line was also inserted. Oxygen with face mask was administered. No other drugs were used for premedication. In the propofol group, anesthesia was induced intravenously by administering 2.5 mg/kg propofol; the drug was infused 100 µg/ kg/min after loss of consciousness. Inhalational induction with face mask was performed in the sevoflurane group by administering 7.0% sevoflurane; this concentration was reduced to 3.0% after loss of consciousness. FiO~2~ was 40% and end-tidal concentration of carbon dioxide was monitored and maintained at 35 to 40 mmHg throughout the study by manual ventilation assistance. Neuromuscular blockade was not done in both groups. In older children, whose anesthesiologist could have better communication, facemask induction was done easier than smaller children.

The second ECG was obtained five minutes after the induction of anesthesia. A cardiologist blinded to the study groups calculated PR (the time from the onset of the P wave to the start of the QRS complex), QT and QTc, Tp-e, JT (QT - QRS), and JTc intervals and compered them with the operating room measurements. The QT interval was measured from the beginning of the QRS to the end of the T wave with the isoelectric line. The QTc was calculated using Bazett's formula (QTc: QT/√RR sec) ([@A88805REF7]). After administering the induction agent, QTc prolongation was considered clinically significant if the QTc interval was \> 500 ms, or increased to more than 60 ms from baseline. Measurement of the Tp-e was performed from the peak of the T wave to the end of the T wave. To record three consecutive beats, leads V2 and V5 were used and then the average was calculated. By subtracting the QRS duration from the QT or QTc, the JT interval and JTc were obtained. Measurement of the QT and JT was conducted in DII, V2, and V5 leads.

3.1. Statistical Analysis
-------------------------

All data were analyzed using SPSS20 (version 20; SPSS Inc., Chicago, IL). Results are expressed as mean ± standard deviation or percentage. Nominal categorical data between study groups were compared using the chi-square test or Fisher's exact test as appropriate and an independent *t*-test was used to evaluate the changes in the variables during the study period. A paired samples t-test was used to compare the changes before and after induction of anesthesia in each group. P values of less than 0.05 were considered statistically significant.

4. Results
==========

Sixty-one patients that had undergone cochlear implant had induction of anesthesia with either propofol (n = 29) or sevoflurane (n = 32). Two patients were excluded before induction due to their long QT \> 500 msec. Propofol and sevoflurane groups had similar age (102.58 ± 87 versus 101.46 ± 67 months, P = 0.95) and gender distribution (males: 48.3% versus 56.3%, P = 0.53) (See CONSORT flow chart).

The ECG findings before and five minutes after induction of anesthesia in propofol and sevoflurane groups are shown in [Tables 1](#A88805TBL1){ref-type="table"} and [2](#A88805TBL2){ref-type="table"}, respectively. There were no significant differences in ECG findings of the propofol group. In the sevoflurane group, QTc had no significant difference before and after induction and there was only a significant increase in the JTc interval following induction of anesthesia in this group (P = 0.01). Pre-induction QTc intervals in the propofol and the sevoflurane group showed no significant difference (propofol 413.7 ± 39 and sevoflurane 427.6 ± 36, P = 0.16). The researchers observed significant post induction difference in QTc values between these groups (propofol 422.5 ± 40 and sevoflurane 445.0 ± 29, P = 0.016). Clinically significant QTc was observed in five patients (15.6%) in the sevoflurane group and four cases (13.8%) in the propofol group (P = 0.84).

###### ECG Findings Before and 5 Minutes After Induction in Propofol Group

  Propofol Group             Before Induction   After Induction   P Value
  -------------------------- ------------------ ----------------- ---------
  **Heart rate, min/beat**   97.86 ± 20.43      102.48 ± 29.99    0.36
  **RR interval, msec**      641.94 ± 146.00    637.51 ± 203.49   0.89
  **QT interval, msec**      328.55 ± 39.86     331.31 ± 43.04    0.61
  **QTc interval, msec**     413.72 ± 38.65     422.51 ± 39.89    0.36
  **JT interval, msec**      256.82 ± 39.48     259.44 ± 40.78    0.65
  **JTc interval, msec**     322.32 ± 32.57     329.89 ± 33.64    0.31
  **e interval-Tp, msec**    79.17 ± 18.43      81.93 ± 18.99     0.38

###### ECG Findings Before and 5 Minutes After Induction in Sevoflurane Group

  Sevoflurane Group          Before Induction   After Induction   P Value
  -------------------------- ------------------ ----------------- ---------
  **Heart rate, min/beat**   122.69 ± 26.53     126.10 ± 27.93    0.50
  **RR interval, msec**      510.79 ± 108.93    501.36 ± 123.12   0.61
  **QT interval, msec**      304.82 ± 35.31     311.03 ± 31.88    0.40
  **QTc interval, msec**     429.67 ± 35.07     443.98 ± 30.52    0.10
  **JT interval, msec**      232.68 ± 35.63     243.86 ± 33.49    0.10
  **JTc interval, msec**     327.04 ± 34.86     348.13 ± 38.39    0.01
  **e interval-Tp, msec**    80.96 ± 17.02      85.93 ± 17.81     0.09

Prolonged Tp-e (Tp-e \> 100 ms) was seen in 17 (58.6%) of propofol and 22 (68.7%) of sevoflurane patients before induction (P = 0.032). After induction of anesthesia, Tp-e \> 100 msec was seen in 20 (68.9%) of propofol and 27 (81.4%) of sevoflurane group (P = 0.001) ([@A88805REF23], [@A88805REF24]).

Because the researchers observed significant differences in QTc between these groups after induction, they calculated the percentage of change in ECG parameters in each group, and observed no significant differences in any of the evaluated parameters ([Table 3](#A88805TBL3){ref-type="table"}). The anesthesiologists did not report any arrhythmia in the induction period.

###### Percent of Change in ECG Findings After Induction in Propofol and Sevoflurane Group

  Percent of change   Propofol      Sevoflurane   P Value
  ------------------- ------------- ------------- ---------
  **Heart rate**      6.20 ± 5.81   4.53 ± 3.94   0.81
  **RR interval**     0.20 ± 4.54   0.31 ± 3.93   0.93
  **QT interval**     1.15 ± 1.65   3.06 ± 2.58   0.53
  **QTc interval**    2.88 ± 2.39   3.99 ± 2.04   0.72
  **JT interval**     1.70 ± 2.31   6.32 ± 3.10   0.23
  **JTc interval**    3.10 ± 2.38   7.19 ± 2.47   0.29
  **Tp-e interval**   5.41 ± 3.80   7.88 ± 3.75   0.64

5. Discussion
=============

This study was performed on 61 children with sensorineural hearing loss, who were candidates for cochlear implant surgery and showed that in patients with QTc shorter than 500 ms, induction of anesthesia with sevoflurane could cause significant increase in QTc in comparison with propofol and there was also a significant post induction difference in the Tp-e interval (as an indicator of TDR) between these drugs.

Different studies have shown that Tp-e is a better index for demonstrating TDR and can indicate cases susceptible to TdP arrhythmia. The normal ranges of Tp-e are reported differently yet 40 to100 ms is considered normal. QTc prolongation alone does not predispose to TdP ([@A88805REF9], [@A88805REF13], [@A88805REF25]-[@A88805REF30]). However, it has been demonstrated that QTc values above 500 ms could have high correlation with cardiac arrhythmia and is considered as an independent predictor of syncope and deaths in population under 50 years old ([@A88805REF31]). Automated measurements of these indices have yielded similar results with manual measurements ([@A88805REF10], [@A88805REF14]).

Cochlear implantation is usually performed at younger ages and the necessity of inhalational induction of anesthesia in pediatric anesthesia should always be considered. Nowadays, inhaled induction is almost confined to sevoflurane administration, thus, the safety of this method should also be evaluated in subgroup populations. Most patients with sensorineural hearing loss do not have JLNS, yet it seems that repolarization disorders exist at some degrees in all of these patients ([@A88805REF32], [@A88805REF33]). In addition, JLNS patients could be clinically asymptomatic, with no positive family history and could have QTc duration less than 500 ms in electrophysiological studies ([@A88805REF34], [@A88805REF35]). In patients undergoing cochlear implantation, anesthetic drugs should be chosen with more caution. Amirsalari and colleagues ([@A88805REF36]) studied 203 children with sensorineural hearing loss and found very Long QTc (more than 500 ms) in 2.46% of children, which is similar to the current result (3.3% in our cases). Higher rate of long QTc in patients with congenital deafness has not been recorded in some studies. Tutar and colleagues ([@A88805REF37]) observed that when children were grouped according to their heart rate, the observed difference of QTc interval between deaf and normal children disappears and even suggested that ECG study is not necessary in deaf children. On the other hand, Tuncer and colleagues ([@A88805REF32]) observed that deaf mute children (without Jervell and Lange-Nielsen syndrome) with similar RR interval, had longer QTc values and subtle depolarization abnormalities. Moss and colleagues ([@A88805REF31]) studied 3343 individuals from 328 families with one or more members with LQTS and followed them for 10 years, 688 of family members who were affected had QTc \> 0.44 sec (mean QTc of 0.48 sec), 1% had congenital deafness, and 5% had cardiac events during the 10 year follow-up. In that study, the risk of subsequent syncope or probable LQTS-related death before 50 years of age, were meaningfully made by the three following factors, which also act independently: (1) QTc, (2) history of cardiac event, and (3) heart rate. Therefore, it seems that patients undergoing cochlear implantation are at greater risk for QTc related disorders and drugs used for anesthesia must be evaluated with more scrutiny in these patients. Different genetic features in geographic areas, where studies have been conducted, can also be a cause for different results.

Propofol seems to have less effect on ventricular repolarization and patients in whom anesthesia induced by IV propofol were considered as the control group. In the study of Hume-Smith and colleagues ([@A88805REF10]), propofol with three different plasma concentrations did not have a significant effect on QTc and Tp-e. In some studies, propofol has reduced the time of re- polarization ([@A88805REF11], [@A88805REF12]). There are also fewer reports that propofol could increase QTc interval ([@A88805REF38]).

Unlike propofol, it seems that sevoflurane could increase QT interval. Sevoflurane can block delayed potassium channels and prolong QT and QTc in children and adults ([@A88805REF13]-[@A88805REF19]). Although in many studies sevoflurane has been shown to prolong QTc, it does not seem to prolong Tp-e interval ([@A88805REF20]). In the study of Whyte and colleagues ([@A88805REF21]), evaluating the effects of sevoflurane with three different concentrations, sevoflurane prolonged QTc interval yet did not affect Tp-e.

Sevoflurane is thought to be responsible for the occurrence of arrhythmia in some studies ([@A88805REF39]-[@A88805REF44]). However, the study of Nathan et al. ([@A88805REF45]) was performed on 114 patients with long QT and three cases of arrhythmia were reported, two in the isoflurane group and one in the desflurane group, while no arrhythmia was reported in the sevoflurane group. Sevoflurane and propofol have been compared in different studies. In healthy adults ([@A88805REF12], [@A88805REF16], [@A88805REF22]), pre-medicated with midazolam, sevoflurane has been shown to significantly prolong QTc after induction, and Tp-e interval changes were not investigated. In healthy children, Whyte and colleagues ([@A88805REF13]) compared the effects of these drugs, showed that propofol did not affect QTc and Tp-e and sevoflurane caused QTc prolongation yet did not prolong Tp-e, which indicate no TDR impairment. In children at risk of long QT interval, effects of sevoflurane were compared with healthy children ([@A88805REF14]). In this study, anesthesia was induced with sodium thiopental and maintained with sevoflurane, after injection of muscle relaxant patients were intubated and then ECG changes were evaluated. It showed that prolongation of QTc with sevoflurane yet no changes in the Tp-e interval. The effect of sevoflurane was similar in both healthy and deaf children. The current study demonstrated that the effects of anesthesia induction with inhalational sevoflurane and intravenous propofol in patients with sensorineural hearing loss were not similar. The authors used midazolam for sedation, which by reducing anxiety, can minimize the effects of sympathetic stimuli on the ECG indices yet have no effect on QT by itself ([@A88805REF1]). It is noteworthy to mention that the researchers needed additional intravenous midazolam administration for an artifact free ECG recording in some patients (a deaf pediatric patient difficult to communicate), so its dosage was not equal in all patients. On the other hand, as no other additional drug was prescribed and second ECG recording was before intubation, the effects of other additional drugs and excitatory stimuli were minimized (i.e., separation, laryngoscopy, and intubation) and ECG changes could be considered as almost pure effects of propofol and sevoflurane on cardiac electrophysiology. All drugs used for premedication and induction of anesthesia can affect cardiac electrophysiology at some degree. In this study, two children with QTc \> 500 ms were excluded and all the cases with QTc below 500 ms (which is still out of normal range) were evaluated.

A significant increase was found in post induction QTc and also greater percentage of patients with increased Tp-e interval (\> 100 ms) in the sevoflurane group than the propofol group. This finding indicates that inhalational induction with sevoflurane may carry an increased risk of TDR in patients with sensorineural hearing loss. Since QTc \> 500 ms was observed in some patients, preoperative electrophysiologic study is necessary in these patients.

5.1. Conclusions
----------------

According to electrophysiologic findings of the current study, induction of anesthesia in sensorineural hearing loss pediatric patients when QTc interval is shorter than 500 ms with propofol has lower risk of torsades de pointes than sevoflurane.

In this study, the researchers used manual measurement of ECG indices, which limited evaluation of some other indices, such as QT Variability Index (QTVI).
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